EXHUMATION of deeply-buried rock sequences is one of the challenging geodynamic problems in convergent orogens, where both tectonics and erosion can cause these, either independently or in combination. Tectonicdependent exhumation models range from low-angle ductile extensional faults, syn-convergent normal faulting or crustal overthickening with low-angle ductile flow [1] [2] [3] . However, erosion gained recent importance as an effective alternative mechanism in climatic-wet active convergence zones, where fluvial drainage system removes the eroded detritus 4, 5 . In the Himalayan domain, tectonically driven exhumation is caused by ductile thrusting along the Main Central Thrust (MCT) 6, 7 , fold amplification 7 , out-of-sequence thrusting, Himalayan discontinuities 8 , and crustal overthrusting along the Main Himalayan Thrust (MHT) and its ramp-flat geometry 9 , while its northern boundary underwent exhumation by extensional faulting 10, 11 . Alternatively, architecture of the Himalaya has resulted from a combination of tectonics, focused precipitation, climatedriven erosion and/or recent glacially enhanced denudation 5, 9, 12 . In contrast to the Himalayan domain, exhumation models are inadequate for the Trans-Himalayan Andeantype Ladakh Batholith (LB), which was emplaced during Early Cretaceous-Lower Eocene ( Figure 1 ) [13] [14] [15] [16] [17] , and subsequently cooled and exhumed either during EarlyMiddle Eocene [18] [19] [20] or Early Miocene 21, 22 . These models range from effects of thrusting along the MCT 21 , its northwards tilting 22 or effects of the Karakoram Fault Zone 18 . 40 Ar/ 39 Ar hornblende, biotite and K-feldspar ages between 52 and 44 Ma record an Early Eocene rapid cooling and a slow cooling between c. 30 and 10 Ma (refs 15, 18) , like the Deosai plateau in the west 20 . In contrast, (U-Th)/He zircon-apatite and apatite fission-track (AFT) ages reveal rapid Early Miocene 22  2 Ma cooling of the LB 21, 22 . Radioactive decay of a parent nuclide and the accumulation of a corresponding daughter product are used to date either the crystallization age or cooling age of a mineral in the disciplines of geochronology and thermochronology 23 . The latter uses many thermochronometers whose closure temperatures range from ~900C (U-Pb zircon) to as low as ~50C (U-Th/He apatite) (see ref. 23 for review). In this article, we present new Rb-Sr biotite and zircon fission-track (ZFT) mineral ages along with length measurements of apatite fission-track (AFT) from the LB. These data are integrated with already published mineral ages (Supplementary Table 1) for deciphering cooling and exhumation histories of the LB.
Geological framework
The Trans-Himalayan Mountains expose a long linear LB belt in Kargil-Leh-Demchuk region in India and the Kohistan-Deosai Batholith of Astor-Deosai-Skardu region in Pakistan 24, 25 . This belt extends eastwards as the Kailash Tonalite and the Gangdese pluton in southern Tibet 26, 27 , and the Lohit Batholith in Mishmi Hills, Arunachal Himalaya 25 ( Figure 1 a) . LB is bound by the Indus Tsangpo Suture Zone (ITSZ) along its southern margin, while the Shyok Suture Zone (SSZ) frames its northern margin. These sutures demarcate Early Cretaceous subduction of the Neo-Tethyan oceanic lithosphere 28 and closure of this ocean between the Indian and Asian Plates 24, [29] [30] [31] [32] [33] [34] [35] ( Figure 1 a and b) . The batholith trends WNW-ESE for nearly 600 km in a 30-80 km wide belt (Figure 1 b) , with an exposed thickness of ~2 km. It is mainly of diorite-granodiorite and granite composition with I-type geochemistry, and crystallized between ~100 and 47 Ma with a dominant phase at ~58 Ma (refs 26, 36-38) .
A N25W-trending and ~2 km wide ductile dextral transpressional Thanglasgo Shear Zone (TSZ) (Figure  1 b) deforms the batholith and contains mylonite, asymmetric feldspar augen, S-C shear fabric and NW-plunging lineation 15 . However, this shear zone becomes a thrust 22, 39 in the southeast around Leh. SSZ contains dismembered ultramafics-mafic and sedimentary bodies along the Nubra-Shyok Valleys, where these are thrust over LB or Shyok Volcanics 16, 40 . Narrow strips of mylonite, volcanics, sediments and serpentinite characterize the dextral transpressional Karakoram Shear Zone (KSZ) between SSZ and Karakoram batholithmetamorphics complex along the southern Asian Plate margin with initial thrust movements (Figure 1 b) 34 . In the south, ITSZ contains tectonically imbricated ophiolite, Triassic to Upper Cretaceous Lamayuru Formation, Jurassic-Lower Cretaceous (164-95 Ma) volcano-sedimentary Nindam Formation, deposited on an intra-oceanic 43, 44) , and southward ductile shearing with older pre-Main Central Thrust (MCT) discontinuities 8 . MCT resulted in thrusting HMB over the Proterozoic Lesser Himalayan belt, which overrides the Cenozoic Sub-Himalayan belt, and the latter on to the Indo-Gangetic Plains 14, 32, 39 .
Thermochronology, methods and modelling
Extensive sampling of LB was carried out along three Leh-Khardung La, Kharu-Chang La and Lyoma-Hanle traverses (Supplementary Figure 1) . The first two are vertical profiles across the batholith, which are more suitable for deciphering the cooling and exhumation histories. Our earlier effort on fission-track (FT) dating of LB was confined to 3 zircon and 30 apatite age determinations 45 . These samples are further processed for 8 Rb-Sr biotite ages, 15 ZFT ages, and FT-length measurements on 7 apatite mounts, following the procedures given in Supplementary SM2(a-d). Detailed methodologies for estimating closure temperatures, calculation of exhumation rates, determination of geothermal gradients and thermal modelilng are elaborated in Supplementary SM3(a-f). Mean FT-length measurements of seven apatite samples vary from 12.6  0.2 to 10.5  0.2 m (SD = 1.7 to 1.3 m) with consistent unimodal length distribution (Table 3) .
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Cooling history of LB
After pulsative crystallization of the LB between ~100 and 41 Ma (refs 15, 17, 24, 26, 36, 37, 47) with main phase at ~58.0 Ma (ref. 38) (U-Pb zircon ages), the batholith initially cooled by normal conductive cooling and then underwent much faster cooling, resulting from tectonically controlled uplift due to convergence of the India-Asia Plates.
Our published 30 AFT ages of LB from these sections varied between 25.4  2.6 and 9.2  0.9 Ma (1), with oldest ages of 25.4  2.6 and 23.1  1.1 Ma obtained from highest Khardung La and Chang La, and the youngest ages of 11.8  1.1 and 9.2  0.9 Ma from near the Indus River 45 (Figure 3 b) . The easternmost Lyoma section with no elevation difference has AFT ages between 18.5  1.4 and 12.1  1.0 Ma (Supplementary Table 1 (Figure 2 ). It is, therefore, evident that batholith cooled almost instantly between 40 Ar/ 39 Ar hornblende (500  50C) and Rb-Sr biotite (340  30C) closure temperatures from 52-44 Ma to ~46.0 Ma at a very fast rate of ~105C/Ma in contrast to slower cooling within the Himalayan orogen 9, 12 . New zircon FT ages (OWM = 43.0  0.5 Ma, Table 2 ) constrain its low-temperature cooling history (Figure 3 a) . When ZFT ages from the Kargil pluton are taken into consideration 46 ( Supplementary Table 1) , the batholiths yields an overall single uniform ZFT age population. 45 and published FT data, and zircon and apatite (U-Th)/He (ZHe, AHe) ages 21, 22 of the LB and the Deosai Batholith in the west 20 . Thus it covers a temperature range from 230  20 to ~55C -the annealing temperatures of ZFT and AHe respectively. Our AFT ages from central parts of LB 45 are similar to other AFT ages 21, 22 (Figure 3 b) . The LB crossed ZHe temperature (~200C) at ~30 Ma (ref. Table 1 ) between ITSZ and Thanglasgo SZ with very slow cooling and exhumation.
(ii) Group of 4 AFT ages between 11.8  0.8 and 9.2  0.9 Ma (refs 22, 39) within the Thanglasgo SZ with faster cooling. Ductile shearing within this zone records intense deformation with SW-directed thrusting between Leh and Khardung La.
(iii) Nearly uniform AFT ages of 26 samples in central parts between 23.3  2.1 and 18.0  1.4 Ma, indicating its typical AFT age character.
(iv) Youngest northern group of 4 AFT ages between 6.9  5.0 and 5.7  4.8 Ma from granitoids due to late Miocene reactivation of the Karakoram SZ (KSZ).
Inverse modelling, using annealing algorithm and 'HeFTy' program (Supplementary refs 14 and 22 ), is applied on 7 chemically suitable apatite samples by measuring FT-lengths for calculating the best-possible time-temperature (t-T) paths of LB. By applying Goodness of Fit (GOF) test (Figure 5 ), results exhibit an accuracy of >0.9 and a rapid mean cooling rate of ~6-7°C/Ma irrespective of their elevations, till these enter the apatite partial retention zone (APRZ). Here, prolonged residency period is indicated with slow monotonous cooling at a mean rate of ~2-3C/Ma and another accelerated cooling rate of ~7C/Ma till these reach the surface. Sample T93/334 did not yield good path with poor statistical GOF test quality. t-T paths for high elevation samples (K2-5440 m; LB10/28-5301 m) show that these enter APRZ during 30-28 Ma from their respective ZPRZ, whereas the remaining samples between 4400 and 3700 m show the same cooling steps during 20-18 Ma; these come out of APRZ after prolonged residency at ~2-4 Ma irrespective of elevations and geographical distribution. Leh−Khardung La, Kharu−Chang La and Lyoma−Hanle sections. This scenario is similar to the Deosai Plateau, which was slowly cooling and exhuming since Eocene times 20 .
Tectonic implications for the India-Asia convergence
Remarkable Early-Middle Eocene accelerated cooling and exhumation of LB near southern margin of the Asian Plate are closely linked to early convergence of the Kohistan-Ladakh arc with Indian continental lithosphere (ICL), when the latter also witnessed an early exhumation, possibly due to slab break-off of the Neo-Tethyan oceanic lithosphere 52 . After the event of slab-break off, slab-roll back mechanism came into play which must have been responsible for the fast rock uplift of LB as a whole. This has resulted in an overall fast and uniform exhumation of LB. This pulse is possibly linked to the Cooling and estimated exhumation paths of the Ladakh Batholith. a, New Rb-Sr biotite and FT zircon, and our published apatite FT data 45 . Tie lines for co-existing minerals in same samples. 43, 56 (Figure 8 ). Close perusal of exhumation rates from LB, located on southern margin of the Asia Plate and adjoining eclogitized Indian continental lithosphere in Tso Morari reveals that both the terrains underwent fast exhumation during Eocene, though the latter exhumed much faster. This exhumation rate was transmitted to the batholith through various imbricated ophiolitepelite-psammite-rich lithologies of the ITSZ (Figure 8 ).
Conclusions
After widespread magmatism at ~58 Ma and postcrystallization cooling, the Trans-Himalayan Ladakh Batholith witnessed fast Early-Middle Eocene cooling almost instantly from 40 Ar/ 39 Ar hornblende (500  50C) to Rb-Sr biotite (340  30C) closure temperatures between 52  44 Ma and ~46.0 Ma respectively, at a very fast rate of ~105C/Ma. It slowed down to 34  13C/Ma when it cooled to the ZFT closure temperature (230  20C) at ~43.0 Ma. It was possible due to an earlier tectonic exhumation at ~3.5  0.9 mm/year till ~46 Ma (Rb-Sr biotite) and subsequent deceleration to ~1.2  0.2 mm/year until 43-42 Ma (zircon FT ages) due to India-Asia convergence. This was also the period when leading northern eclogitized edge of the Indian continental lithosphere was undergoing exceedingly fast exhumation during HP and amphibolite facies metamorphism between 50 and 47 Ma respectively, as well as causing the Early-Middle Eocene exhumation of the overlying batholith. However, a Late Miocene-Holocene exhumation pulse is possibly caused by coupled tectonicerosion processes within the Trans-Himalaya.
